Plasma renin activity (PRA) has been proposed as an independent predictor of cardiovascular (CV) risk, but there are limited data from large prospective studies, particularly in patients with stable vascular disease and/or diabetes, without heart failure.
Introduction
Inhibition of the renin -angiotensin system (RAS) with angiotensin-converting enzyme-inhibitors or angiotensin receptor blockers has emerged as a cornerstone of contemporary cardiovascular (CV) risk reduction. These therapies offer robust reductions in heart failure, 1, 2 in CV mortality post-myocardial infarction (MI), 3 -5 and in CV events in high-risk patients with atherosclerosis or diabetes, 3, 6, 7 although a substantial residual risk remains.
Activation of the RAS results in a series of complex enzymatic reactions that culminate in the generation of angiotensin (Ang) II, the main effector molecule of the system, central to multiple causal pathways in hypertension, heart failure, and atherosclerosis. 8 Plasma renin activity (PRA) has been suggested as a surrogate of RAS activation and a marker of increased CV risk. 9 -13 Studies in chronic heart failure generally reported associations between increased PRA and poor prognosis, although such associations did not always retain statistical significance in models adjusted for other markers of risk. 14 -18 Moreover, to date, there are limited data evaluating the prognostic relevance of PRA in patients without heart failure, who may be expected to have less profound RAS activation and the available data are further confounded by methodological differences in measuring PRA vs. concentration in previous reports. 12,19 -26 To this aim, we assessed the associations of baseline PRA concentrations with CV events and mortality in 2913 patients with stable vascular disease and/or diabetes enrolled in the Heart Outcomes Prevention Evaluation (HOPE) study. 6 
Methods

Study population
The HOPE study was a multicentre, randomized, clinical trial of ramipril, vitamin E, both, or neither for the prevention of CV events among 9541 patients aged 55 or older with stable vascular disease, or diabetes with additional risk factors. Patients were excluded if they had heart failure or if they were known to have a low ejection fraction (,40%), uncontrolled hypertension, or overt nephropathy or to have had an MI or stroke in the 4 weeks before enrolment. A detailed study description has been previously published. 6 Baseline blood samples were available from the 3199 Canadian HOPE study patients. 27 As the available thawed blood sample volumes from 286 patients were too small for adequate analysis, we report on 2913 patients in this cohort. Blood samples were processed immediately upon collection, separated into multiple aliquots, and shipped on dry ice to the core laboratory where they were stored at 2808C. The HOPE central laboratory was located in Hamilton, Canada.
Clinical events
The primary HOPE study endpoint was the composite of MI, stroke, or CV death, referred to as major vascular events in this report. Among the additional prospectively defined and collected HOPE study outcomes, we a priori defined as outcomes of interest for the evaluation of associations with baseline PRA, the following: MI, stroke, CV death, total mortality, and heart failure (defined as heart failure hospitalizations and non-hospitalized heart failure diagnosed clinically at the 6 monthly visits). Events were centrally adjudicated by a committee blinded to treatment allocation in the trial. Detailed information about the follow-up procedures is published elsewhere. 6 The median follow-up was 4.5 years, inter-quartile range (IQR), 4.1 -4.8 years.
Laboratory analysis
Plasma renin activity was determined using the Diasorin (Stillwater, MN, USA) GammaCoat w Plasma Renin Activity 125 I Radioimmunoassay kit (details are provided in the Supplementary material online, Appendix). Observed within-run and between-run coefficients of variations were 7 and 8% at 1.60 ng/mL/h, 7 and 7% at 4.15 ng/mL/h, and 8 and 8% at 15.30 ng/mL/h. C-reactive protein was measured with a high-sensitivity, automated-rate nephelometric immunoassay (Dade Behring highsensitivity CRP, BNII Nephelometer System, Marburg, Germany). Nterminal pro-brain natriuretic peptide (NT-proBNP) was determined with an electrochemiluminescent sandwich immunoassay (Roche Diagnostics, Mannheim, Germany) on an Elecsys System 2010. Intra-and inter-assay precision was 0.8 -3.0% and 2.2 -5.8%, respectively, as reported previously. The linear range of detection of this assay was 5 -35 000 pg/mL. Additional laboratory assays used routine methods as described previously.
Statistical analysis
Plasma renin activity values were log-transformed to improve the normality of distribution and the Student's t-test was used to compare log(PRA) between patients with and those without events. We prespecified a priori to evaluate the relationship between PRA and outcomes based on quintiles of the PRA distribution. Accordingly, the Kaplan-Meier curves for cumulative CV events were plotted by quintiles of PRA and the upper vs. the lowest fifth were compared with the log-rank test. 7, 28 Additional adjustments were conducted for baseline high-sensitivity C-reactive protein and NT-proBNP levels and for treatment allocation to ramipril and baseline use of b-blockers and diuretics. All tests were made at a two-sided, 5% significance level. Statistical analyses were performed using the SAS package version 9.1.3 (SAS Institute, Inc., Cary, NC, USA). Table 1 shows the baseline characteristics of the study participants. The mean age was 65 years, 22% were women, 94% had vascular disease (coronary, peripheral, or cerebrovascular disease), 41% had hypertension, 34% had diabetes, 32% were using lipid-lowering therapies, 42% were receiving b-blockers, and 12% were receiving diuretics. We have previously reported that baseline characteristics of the Canadian HOPE population, in whom PRA was determined, were similar to the overall HOPE study population. 3 The median PRA was 0.82 (IQR, 0.41-1.53) ng/mL/h, median NT-proBNP was 18.09 (IQR, 17.39 -18.81) pmol/L, and median high-sensitivity C-reactive protein level was 2.64 (IQR, 2.54-2.74) mg/L. Baseline characteristics associated with higher PRA included history of diabetes or known CV disease, and those on diuretics, whereas individuals on b-blockers had lower PRA ( Table 1) . During follow-up, 437 patients (15%) experienced a primary HOPE endpoint (MI, stroke, or CV death), 321 (11.02%) sustained an MI, 95 (3.26%) a stroke, 211 (7.24%) had heart failure, 178 (6.11%) died of CV causes, and 131 (4.5%) of non-CV causes. Patients who died of CV causes and those who died of any cause had higher median PRA than those who did not, 0. Values are mean + SD, n (%), or median (IQR). Categorical variables were compared using the x 2 test. Continuous variables were compared using either the ANOVA F-test (age, BMI, SBP, DBP, and creatinine) or the Wilcoxon test (total cholesterol, LDL, HDL, and PRA).
Results
P ¼ 0.02, respectively. Plasma renin activity was not significantly different in patients who did vs. those who did not have a major vascular event, MI, stroke, or heart failure (data not shown). For patients in the highest compared with the lowest fifth of the baseline PRA distribution, the unadjusted HR for the composite of major vascular events, which included MI, stroke, and CV death, was 1.38 [95% confidence interval (CI), 1.03-1.86; P ¼ 0.03] ( Table 2 ). This was driven by an increase in the risk for CV death in individuals in the top vs. the lowest quintile (HR, 1.89; 95% CI, 1.17-3.05; P ¼ 0.01). Similarly, subjects in the highest compared with the lowest fifth of the PRA distribution had an increased risk for total mortality and a trend towards an increased risk for heart failure, but baseline PRA did not predict incident MI, stroke, or non-CV death ( Table 2) .
The adjusted HRs for major vascular events, CV death, and total mortality according to baseline levels of PRA are shown in Tables 3 -5 , respectively. Patients in the highest compared with the lowest PRA fifth had an increased risk of major vascular events after adjustment for either (i) age and gender, (ii) clinical variables (age, gender, smoking, hypertension, diabetes, CV disease, systolic blood pressure, and creatinine) plus treatment allocation to ramipril, and background use of b blockers and diuretics, and (iii) HOPE risk score plus ramipril, b-blockers, diuretics, high-sensitivity C-reactive protein, and NT-proBNP. This was driven primarily by an increased risk of CV death (Table 4) , but not all-cause mortality ( Table 5) , or heart failure (see Supplementary material online, Appendix, Table S1) in fully adjusted models.
The Kaplan-Meier rates of CV death according to quintiles of PRA are displayed in Figure 1 .
In an exploratory post hoc analysis, we evaluated the associations between tertiles of baseline PRA and outcomes. Results were similar (data not shown, available upon request). 
Discussion
The major finding of our study is that PRA was a predictor of major vascular events in a large cohort of patients with stable atherosclerotic vascular disease and/or diabetes. The strength of the association was greatest for CV death, such that individuals in the upper fifth of the PRA distribution (.1.79 ng/mL/h; median 3.48, IQR ¼ 3.31-3.66) had an increase in CV death compared with those individuals in the referent lowest fifth (,0.35 ng/mL/ h; median 0.17, IQR ¼ 0.16-0.18). The predictive value of elevated PRA was observed after multivariable analyses, after adjusting for traditional CV risk factors in addition to the background use of therapies known to modulate RAS and PRA, namely diuretics, b-blockers, and treatment allocation to ramipril in the trial. Furthermore, the strength of these associations was maintained after robust adjustment using the HOPE risk score model, background medication use, inflammatory biomarkers, high-sensitivity C-reactive protein, and NT-proBNP. The increased CV risk associated with elevated PRA in our study was not attenuated by the adjustment for treatment allocation to ramipril, background use of b-blockers (known to lower PRA), and diuretics (known to increase PRA). These data argue that the predictive value of high vs. low PRA is not altered by therapies known to modulate the RAS or PRA per se. .......... ............ ............ ............ ........... ............ ............ ............ ........... ............ ............ ............ ........... ............ ....... Adjusted for age + male + current smoker + hypertension + diabetes + cardiovascular vascular disease + systolic blood pressure + creatinine. In our analyses, PRA emerged as an independent predictor of CV death, but not with MI or stroke. The mechanistic basis for this finding remains unclear. It may be hypothesized that PRA may identify a population of patients at risk of increased mortality, in part via either transition to heart failure or sudden cardiac death. Alternately, these findings may be related to the known difficulty in establishing the precise cause of death in CV patients and it is possible that some CV deaths classified as sudden, arrhythmic, etc. may have been in fact related to fatal MI or stroke.
The present analyses provide an important translational framework for various experimental studies, implicating PRA in the pathogenesis of CV disease. Indeed, renin is the initial and ratelimiting step of the RAS and many experimental and clinical the lowest plasma renin activity fifth had increased rates of cardiovascular death (P log-rank ¼ 0.006).
studies which provide evidence that the RAS is capable of stimulating atherosclerosis by triggering basic reactions ultimately lead to growth, instability, and rupture of atherosclerotic plaques and facilitation of thrombosis. In addition, it is now widely held that renin and prorenin may exert direct (receptor-mediated, Ang II-independent) effects augmenting pro-inflammatory and profibrotic pathways. 29 Furthermore, prorenin activation of the pro(-renin) receptor promotes cell surface Ang II production via nonproteolytic activation, which may contribute to local tissue damage. 30 Additionally, as reported by Nguyen et al., renin bound to the (pro)renin receptor gains markedly enhanced catalytic activity and, in this fashion, can dramatically magnify Ang II signalling. 31 This has led to the hypothesis that renin may play a causal or permissive role in the development of organ damage and that pharmacological targeting of PRA may be a unique approach to limit disease progression. Currently, completed trials suggest that pharmacological interruption of the RAS system by limiting PRA may protect against cardio-renal injury. 31 -33 . Relatively, few previous studies have evaluated the role of PRA as a biomarker of vascular disease and most of these observations have been made in either primary prevention cohorts with or without hypertension and in patients with chronic heart failure or left ventricular dysfunction post-MI. Overall, previous data evaluating PRA to CV outcomes is limited and, in many instances, cannot be readily extrapolated, given earlier concerns over assay characteristics and the varying reporting of PRA vs. renin concentration in the literature. Studies evaluating the role of renin as a predictor of events in primary prevention have yielded mixed results. Although earlier studies demonstrated an association between plasma renin concentration or PRA to an increased risk of MI, CV death, and all cause mortality in hypertensive subjects, 12, 19, 20 other studies in hypertension and a prospective community-based studies did not find such an association. 23, 24 However, more recent analyses of data from the Framingham Study suggest an association between plasma renin concentration and total mortality risk in both hypertensive and normotensive subjects, with no association with MI or major coronary events. 25, 26 Furthermore, in elderly patients with hypertension, elevated PRA levels were associated with left ventricular hypertrophy 21 and a nested case-controlled study of patients with prior stroke reported a positive association between increasing renin concentrations and risk of MI. 22 More robust data are available in patients with heart failure, and/or left ventricular dysfunction post-MI, where PRA was significantly associated with mortality and transition to severe heart failure. 14 -18 Our study is the largest report, to date, in which the relationship of PRA with events has been examined in a well-characterized population of patients with stable atherosclerosis and/or diabetes. Limitations of this study are noted. Firstly, patients in the HOPE study prior to randomization were on open-label ramipril during a run-in period. However, once tolerability was established, patients received a 2-week washout prior to randomization occurring. Secondly, the observed associations of baseline PRA with CV events were noted in the highest vs. lowest PRA distribution, without a significant trend across increasing quintiles. The lack of trend may be related to the overall low levels of PRA in this population of patients without heart failure. A potential threshold effect cannot be excluded, so that only patients with highest PRA levels in this population had increased RAS activation and were at increased CV risk. Thirdly, an increase in PRA could be a marker of more intense antihypertensive therapy since it stands to reason that patients with worse hypertensive CV disease are likely to have the highest complication rates and would need more antihypertensive therapy.
In conclusion, our analyses indicate that baseline PRA predicts the risk of future major vascular events, notably CV death in a population of high-risk patients with atherosclerosis or diabetes. Individuals in the top PRA quintile have a nearly two-fold increased risk of CV death, and the strength of these associations was independent of clinical characteristics, background use of b-blockers and diuretics, treatment allocation to ramipril, and inflammatory biomarkers. Plasma renin activity may thus represent a novel risk marker in this population.
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